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Abstract In this study, interface direct shear tests were undertaken to investigate improvement in the
mechanical behaviour of granular soils when reinforced with geotextile inclusions. Unlike past studies,
various different parameters were investigated in the same study to uncover more assuring results. As
expected, the interface friction angle of the reinforced sand was found to be lower than that of the
unreinforced sand. No remarkable differencewas seen in the shear strength of reinforced andunreinforced
sands, but in reinforced sand, there was no post-peak loss of strength, as seen in unreinforced sand.
Unexpectedly, geotextile inclusions did not restrict the soil from dilating. If the geotextile content was
increased in the test specimen, only then did the dilation of the sand decrease. At the end of the results,
it was concluded that the interface behaviour depends on the combined effects of the surface properties
and deformability of the geotextiles, and also on the index properties of the soil.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Composite materials combine the strength of two or more
different materials in a supplementary way and are extensively
used in different fields of engineering. From the same
point of view, reinforcements in soil have been extensively
used from Bablyonian times. Reinforcements enhance the
tensile force capacity of the composite system, thus reducing
the probability of potential failure and increasing overall
capacity. Nowadays, geosynthetic reinforcements are used as
an alternative design material, especially considering their
environmental and economical superiority in nearly all civil
engineering fields.
The interaction between soils and geosynthetics plays an
important role in general stability concerns. Thus, interface
behavior is one of the important factors in the design
of structures in order to check the internal stability of
geosynthetic-reinforced soils. There are two most important
failure criteria to be analysed in geosynthetic-reinforced
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doi:10.1016/j.scient.2012.06.009soils [1]: (1) Pull-out mode of failure; (2) sliding mode of
failure. In the direct shear mode of failure, there is a plane of
weakness around the geosynthetics inclusion because of the
shear strength loss of the soil in the interface region. These
two modes are interrelated; in the pull-out mode, there is a
direct application of tensile force to the specimen (the design
philosophy used in geosynthetic retaining walls and slopes),
and on the other hand in the direct shear mode, the weakness
of the interface region plays an important part. From the related
literature survey, one can state that the soil–geosynthetic
interaction parameters are influenced by:
(a) The interaction mechanism between geomaterials and
geosynthetics.
(b) Physical and mechanical properties of geomaterials (den-
sity, grain shape and size, grain size distribution, etc.).
(c) Mechanical properties (tensile peak strength), geometry
and surface properties of geosynthetics.
In the past, pull-out [2], triaxial compression [3], direct
shear [4,5], ring shear [6] and some other modified tests [7–9]
have been performed, to analyse the mechanical behaviour of
reinforced soils. Takasumi et al. [10] suggest that the direct
shear test is appropriate for evaluating the strength characteris-
tics of the soil–geosynthetic interface, if the extensibility of the
geosynthetic does not affect its field performance.
Soil–geosynthetics interface behaviour generally depends
on particle size and/or particle-surface mechanical interaction
behaviour. With this in mind, there are two types of interface
evier B.V. Open access under CC BY-NC-ND license.
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and the other is a non-dilative system. On the other hand, in
reality, systems are generally inbetween these two separate
types. Frost et al. [12] extensively researched the governing
mechanisms that effect interface shear behaviour and strength.
They demonstrated the coupled effect of surface hardness
and roughness, together with normal stress, by performing
laboratory tests of sand-continuum material interfaces (soil-
concrete, soil-geomembrane, soil-steel etc.) and through the
discrete element modelling of these interfaces.
Therefore, the purpose of this study should include the
following:
(a) Reinforced soil interface behaviour has been widely anal-
ysed in the past, and different results have shown the in-
terface behaviour of geosynthetics-reinforced soils. In all
studies, only the effect of one or two parameters are inves-
tigated, thus, behaviors are not precisely specified. In this
study, various parameters are investigated to have a clear
idea about the topic.
(b) To use different types of geomaterial and geosynthetics
to investigate the effects of important parameters on the
behaviour of the interface system [13].
2. Experimental program
An experimental program involving over 95 direct shear
tests was performed to characterize the friction properties
existing at the sand-geotextile interface.
The testing apparatus consisted of a 60 mm ∗ 60 mm and
a 100 mm ∗ 100 mm square shear box with a displacement-
controlled system operating at 100–250 mm/min. Because of
the wide range of normal stresses encountered in the field,
applied normal stresses were ranged between 25 and 1000 kPa.
An electronically instrumented load ring measured the shear
forces, and current transducers measured the corresponding
horizontal and vertical displacements. Three types of non-
woven geotextile (abreviated as NW), belonging to two
different groups, and 2 types of woven geotextile (abreviated
as W) that are readily avaible in markets, were used. In the
experiments, twodifferent gradations of sand from the Turgutlu
region near the city of Izmir were used. Each soil sample was
tested at two different relative densities.
2.1. Sand properties
Turgutlu sand was used in the study, and it was decided to
work with two different gradation levels. One type, named SW
in the article, is in between 0 and 5mmgradation limits, and the
other type is further sieved through No20–No60 sieves to get the
poorly graded branch of the same soil (hereafter, named SP).
The particle size distribution curves of the two sand samples
and some of the basic properties of the sands are given below
in Figure 1 and Table 1, respectively.
2.2. Geotextile properties
5 types of geotextile were used in the study (Figure 2). These
types can be seen in Table 2 below. The woven geotextiles
and NW1 type geotextiles are polypropylene based materials,
which show high durability and high rigidity (Figure 3). The
Youngs modulus is in the intermediate level. The NW2 group
geotextiles are polyester based materials, which are more
deformable and lithe. Also, theyhave the lowest tensile strengthFigure 1: Particle size distribution curves of sand samples.
Table 1: Properties of sand used in experiments.
Property Type/value
SW SP
Effective size, D10 (mm) 0.08 0.23
D50 (mm) 0.60 0.47
D85 (mm) 1.92 0.75
Coefficient of uniformity, Cu 10.00 2.61
Coefficient of curvature, Cc 2.18 1.34
Soil classification (unified) SW SP
Specific gravity, Gs 2.65 2.65
Maximum dry density, γmax (kN/m3) 17.90 15.80
Relative density (%) 66.70–25.00 63.00–25.00
emin 0.38 0.56
emax 0.72 0.86
Figure 2: Different types of geotextiles used in the experiments (top from left
to right: the non-woven geotextiles NW1, NW2-a, andNW2-b; bottom from left
to right: the woven geotextiles, W1 and W2).
of all, and are softer and more flexible than the NW1 type non-
wovens and W type woven geotextiles. NW1 have an average
mechanical behaviour compared to the other two types.Woven
geotextiles have the highest tensile strength, but the lowest
elongation at break values, which implies the stiffer nature of
the material compared to the other two groups.
From the literature survey, 5 of the possibly most important
factors to have important effects on the mechanical behaviour
of reinforced soils are selected and listed in Table 3.
As per ASTM D 5321 [14], both square and rectangular shear
boxes could be used for finding interface shear displacement
characteristics. These boxes should have aminimumdimension
of greater than 300mm, 15 times theD85 of the coarser soil used
in the test, or a minimum of 5 times the maximum opening
size (in plan) of the geosynthetic tested. Most recent testing
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Geotextile label Geotextile type Nominal mass per
unit area (g/m2)
Thickness
(mm)
Tensile strength
(N/m)
Elongation at
failure (%)
Openinge
size (mm)
NW1 Non-woven 150 0.46 10,300 52 0.10
NW2-a Non-woven 250 2.50 8,000 50
NW2-b Non-woven 100 1.00 2,500 80 0.17
W1 Woven – 80,000 8.50–13.50 0.12
W2 Woven – 25,000 13–15 0.23Figure 3: Mechanical behaviour of polypropylene group geotextiles.
Table 3: Experimental program.
No Effect to be investigated Variables
1 Soil gradation effect Well-graded sandUniformly-graded sand
2 Equipment effect 60 mm ∗ 60 mm shear box100 mm ∗ 100 mm shear box
3 Physical properties ofgeomaterials
65% relative density
25% relative density
4 Confining pressure Low C . pressureHigh C . pressure
5 Geosynthetic properties 5 different types
was performed in apparatus sizes greater than the conventional
direct shear apparatus, in the range of about 15–30 cm
square boxes. However, it was observed by various researchers
[5,10,13,15] that apparatus size does not significantly affect the
friction angles for cohesionless sands.
SW and SP sands have D50 values of 0.60 and 0.47 mm,
and D85 values of 1.92 mm and 0.75 mm, respectively. The
maximum geotextile opening size is 0.23 mm. Considering the
grain size of sands and geotextile opening sizes, the smaller
size shear box (60 mm ∗ 60 mm) also meets the minimum
equipment requirement for interface testing, after suitably
modifying the box for use with geotextile specimens.
After carefully preparing the soil samples according to their
desired densities and placing them in the lower box, the
geotextile is mounted at the interface with the appropriate
arrangements. There are some different methods for the
arrangement of geotextiles in direct shear tests. Takasumi
et al. [10] stated three different arrangements; the fixed shear
test, partially fixed shear test and a free shear test. In this study,
a freely laid geotextile sheet is further streched by fastening it
fromoutside the boxes. Therefore, a partially fixed arrangement
is most appropriate for this type. The most important issue is
for the geotextile-sand composites to interact with each other
without any restrictions. The geotextile specimen between the
soil layers should not stretch, and also there should be no
wrinkles in the specimen.Figure 4: Stress–displacement relationships of SW sand at 65% relative density
reinforced with different types of geotextile.
3. Results and analysis
Interface behaviour cannot be expressed by the distinct
properties of each component of the system, but with an
integration of each component and environmental factors. The
particle size of the granular material, and the openings of
the geotextiles being tested, play an important role in the
final behaviour. Geotextile surface properties and mechanical
characteristics affect the range of the interface zone. The
dilative characteristics of granular materials under applied
normal stresses are decisive characteristics of reinforced soil
behaviour. An effort to explain some outcomes of the study are
described in the following paragraphs.
As a first outcome of the work, consider Figure 4 below,
which shows the reinforcement effects on the results. The
horizontal displacement is shown via the percentage of the
maximum horizontal displacement in the experiments (in the
range of 5–7 mm). There was a considerable loss of shear
strength seen after the peak stress, but this loss was reduced
in the reinforced soils, which is a direct result of the composite
enhancement effect of geotextile and sand [16]. Increasing
the geotextile layers enhances the confinement effect, thus,
reinforced sand becomes more ductile than unreinforced sand.
Shear band development in the failure state is restricted, with
geotextile inclusion in the interface area.
3.1. Effect of normal stress
Normal stress is a significative factor in the development
of friction force. From the results, the interface friction angle
initially decreases to a certain range of normal stress, and then
starts to increase to a certain amount (Figure 5). The critical
normal pressure range is typically between 600 and 650 kPa.
The trends of the results are similar to the findings of Tan
et al. [17]. The decrease in interface friction angles is attributed
to the incoherency between the increase in shear stress and
normal stress at the interface. The increase in normal pressure
does not directly cause an increase in shear stress, because, in
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Figure 6: Strength ratio ofwell-graded sand (SW) at 66.7% relative densitywith
5 different geotextiles.
Table 4: Results of direct shear tests on reinforced SW sand.
Interface
type
Normal stress/peak
shear stress (kPa)
Cohesion
(kPa)
Interface
friction angle (°)
27.20 54.50 109.00
SW–SW 39.00 71.10 128.60 36.00 36.50
SW-W1 45.60 75.00 104.70 39.00 32.00
SW-NW2-b 49.10 67.50 124.40 48.00 38.40
SW-NW2-a 44.60 77.00 115.10 55.00 35.60
SW-NW1 24.70 51.50 102.90 13.00 35.60
SW-W2 67.20 69.20 106.80 40.00 33.70
the contact area with an increase in normal stress more and
more particles become in contact with each other, resulting in
a decrease of normal pressure on each contact point. After a
critical pressure, this increase in particle contact comes to an
end, so it becomes harder to displace each contact area.
Strength ratio is defined as the ratio of the shear strength
of reinforced soil to the shear strength of unreinforced soil
(Figure 6). The friction angles begin to taper off at about
500–700 kPa, whereas reinforced sand shear strength begins to
increase at lower normal stresses; at nearly 100–200 kPa.
Table 4 showspeak shear stresses and corresponding normal
stresses from the failure envelope, and also the cohesion values
and interface friction angles determined with the best-fitted
regression linear lines.
3.2. Effect of sample size
It is interesting to note the high cohesion values from the test
results. This effect is attributed to the restraint impact of the
small sized sample. In the analysis, the cohesion value should
be taken as zero, and the failure line should be shifted until the
cohesion value is set to zero.Figure 7: Stress–displacement results of the two different box sizes; P =
49 kPa for 10 cm ∗ 10 cm size and P = 54.5 kPa for 6 cm ∗ 6 cm size.
To control the results, a different set of experiments were
performed with a 100 mm ∗ 100 mm sized direct shear box.
The size effect on cohesion values can easily seen from Table 5.
Small sized samples show higher peak shear strength than
the big sized sample (Figure 7). This type of behaviour is
attributed to the confinement effect of the 60 mm ∗ 60 mm
sized shear box; implicitly, high cohesion values. Similar results
were found by Takasumi et al. [10] with medium dense-non-
woven geotextile interface direct shear tests of 30 and 6 cm
sized samples. Below 65 kPa normal pressure, the small sized
sample gave higher strength values.
3.3. Effect of geotextile arrangement
One of the disadvantages of direct shear tests compared to
other strength tests is the predetermined failure plane. Taking
this fact into account, we can have an understanding of the
indirect effect of geotextile inclusions by placing them above
and below the failure plane. Three different types of geotextile
were placed in two layers at the same distance from above
and below the failure plane to have an idea of the effect
of the interface zone on shearing behaviour. These different
arrangements are generally usedwith other equipment, like the
triaxial apparatus or some modified apparatus [18]. The results
are given in Table 6.
The peak state could not be reached, especially under higher
normal loads, in two-layered reinforced samples, whereas
it was reached at about 40%–50% of the final displacement
in unreinforced and one-layered reinforced samples. A two-
layered reinforced sample needs more horizontal displacement
at the interface to fully develop its strength, compared to one-
layered reinforced and unreinforced samples (Figure 8). Also,
as the confinement increases in two-layered reinforcement, the
cohesion value increases substantially compared to one-layer
reinforced and unreinforced samples (Figure 9).
3.4. Effect of relative density
The influence of soil density has been previously investi-
gated by several researchers [19]. 65% and 25% of the rela-
tive densities of the two types of sand were tested using the
direct shear apparatus. As expected, the denser the sand, the
higher the interface shear strength (Figure 10). In geotextile-
reinforced sand specimens, the volumetric expansion is more
pronounced (Figure 11). The reason is the replaced sand par-
ticles neighbouring the geotextile inclusions. In geotextile re-
inforced sands, the denser sand tends to dilate more than the
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Interface type 100 mm ∗ 100 mm shear box 60 mm ∗ 60 mm shear box
Cohesion (kPa) Interface friction angle (°) Cohesion (kPa) Interface friction angle (°)
SP–SP 18.16 30.58 39.56 34.31
SP-W1 14.33 30.10 22.17 30.89
SP-NW2-b 8.37 36.23 29.23 32.73
SP-NW1 8.27 35.23 30.02 32.95
SW–SW 0.00 42.13 36.47 36.57
SW-W1 12.76 32.57 39.31 32.32
SW-NW2-b 9.77 37.61 48.93 38.47
SW-NW1 8.00 35.30 13.38 35.65Table 6: Effect of geotextile arrangement on interface behavior.
Interface Normal pressure/horizontal deformation (%) Cohesion
(kPa)
Interface
friction angle (°)
327 654 981
2 layers of geotextile
SW-NW2-b 299.3 65.04 469.6 100 641.9 100 127.7 27.66
SW-NW1 280.8 54.72 469.6 100 641.9 100 103 28.91
SW-W1 282.6 93.96 439.3 100 617.8 100 111.4 27.15
No geo. SW–SW 321.7 27.98 473.5 44 781 41 36.48 36.57
1 layer geotextile
SW-NW2-b 352.3 54.57 644.3 43 767 52 48.93 38.47
SW-NW1 259.8 36.56 455.4 50 730.3 54 13.38 35.65
SW-W1 263.9 41.63 455.1 41 652.9 50 39.31 32.33Figure 8: Cross-sectional viewof the geotextile arrangement in the direct shear
apparatus.
Figure 9: Influence of different geotextile arrangements on the axial
displacements at failure.
looser sand, as expected. In loose sands, the geotextile in-
clusions have some constraint on the volumetric expansion
behaviour of the sand, whereas, in the dense specimen, it is dif-
ficult to come to a result, because some geotextiles may move
into the soil and replace more of the sand particles than nor-
mally occurs. That is why the direct effect of geotextiles inFigure 10: Effect of soil dry density on peak shear stress with SP interfaces.
volumetric behaviour cannot be observed in small-sized shear
box apparatus.
3.5. Effect of geotextile properties
Interaction between the geotextile openings (denoted by
O90) and the mean soil size (D50) plays a critical role. Aperture
ratio, defined as the ratio of geotextile aperture size to the
avarege sand particle size, affects the value of the apparent
friction angle [20]. Also, the dilative or non-dilative interfaces
are mainly defined by the aperture ratio.
Different woven geotextiles (Figure 12) were tested to
see the possible effect of the opening ratios on the interface
properties. Figures 13 and 14 show the effects of geotextile
opening sizes and tensile strengths (Table 7) on the interface
behaviour in which the friction angle efficiency is defined
as [10]:
Eϕ = tan δtan θ , (1)
where tan δ implies the soil–geosynthetic interface friction
angle, while tan θ is the soil internal friction angle. The
friction angle efficiencies are given for different geotextile-
sand interfaces in Table 8. The results are compatible with
Takasumi et al. [10] who concluded that for cohesionless soils,
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Geotextile type/property W1 W2 W3 W4 W5 NW2-b NW1
O90 (mm) 0.12 0.2 0.23 0.25 0.18 0.17 0.1
O90/D50-SW 0.2 0.33 0.38 0.42 0.3 0.28 0.17
O90/D50-SP 0.29 0.48 0.55 0.6 0.43 0.40 0.24
Tensile strength (kN/m) 80 25 30 40 60 – –Figure 11: Volumetric change relationship of a dense and loose SW sand with
different reinforcements. (a) under 27.2 kPa; and (b) under 327 kPa.
Figure 12: Two different woven geotextile types: PP 105/105 and PP 25/25
(right).
the efficiency is smaller for geotextile opening sizes smaller
than those of the sands. As expected, there is no direct effect
of geotextile openings on interface behaviour.
The geotextile tensile strength also does not have any pro-
nounced effect on interface behaviour, because the mechanism
here is based solely on the deformability and frictional charac-
teristics of the interacting materials. The behaviour seems to be
constant, and the friction angle efficiency is indifferent to the
tensile strength of the geotextile.
The behaviour of different graded sands reinforced with in-
extensible and relatively extensible reinforcement is comparedFigure 13: Effect of geotextile opening on interface behaviour under P =
327 kPa with SW sand.
Figure 14: Effect of tensile strength of geotextile on the interface friction angle
under P = 327 kPa with SW sand.
Table 8: Friction angle efficiencies for different interfaces.
Interface type Eϕ Interface type Eϕ
SW–SW 1.00 SP–SP 1.00
SW-W1 0.88 SP-W1 0.90
SW-W2 0.92 SP-W2 0.98
SW-W3 0.94 SP-W3 1.07
SW-W4 0.92 SP-W4 1.05
SW-W5 0.95 SP-W5 1.01
with the behaviour of the unreinforced sand in Figure 14. It is
seen that up to some displacement level, reinforcement has no
explicit effect on shearing resistance. The improvement of the
shearing resistance is more pronounced in well-graded sands
and in stiff woven geotextiles compared to the nonwoven and
uniformly graded sand samples (Figure 15). For example, NW1,
with its avarage stiffness and extensibility characteristics gen-
erally develops the least shearing resistance. Also, the inter-
face with the W1 geotextile has somewhat lower shear stress
compared to the least stiff NW2 geotextiles. The stiffness of the
reinforcement alone does not determine the interface strength
relations. The high stress ratios with NW2 are attributed to the
surface roughness and deformability characteristics.
It is clear from Figure 16 that the interface friction in NW2
reinforced samples is more developed than in other samples.
The woven geotextile family has the least friction, although it
has the greatest stiffness and strength, as stated above. This is
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(%25 rel. density); and (b) SW (%25 rel. density).
Figure 16: Mohr–coulomb failure envelope for 3 different geotextile groups
with SW (DR = 25%).
related to the surface texture properties of geotextiles. Frost
et al. [21] indicated that the increase in surface roughness of
the geosynthetic material contributes to the growing of the
interface zone; roughly to 6D50 of the sand. The rough surface
of the NW2 geotextiles, combined with their elastic behaviour,
leads to even higher friction properties than the sand itself. The
deformed and worn surface properties were also checked by
visual inspection at the end of the experiments.
4. Conclusion
Results of direct shear tests carried out on Turgutlu sand,
with different gradations and densities, reinforced with three
groups of commercially available geotextiles, illustrate the
following important conclusions:• In reinforced soils, the loss of shear strength seen after peak
strength was considerably reduced. This effect was further
modified by increasing the layer of reinforcement.
• Geotextile texture properties have important effects on
interface shear strength and friction angle. For example, the
non-woven geotextiles have a high horizontal deformation
at failure, and the least loss of strength after peak value.
• Under low confining pressures, the dilation at the interface
is a direct result of the rotational movement of sand grains.
With the pressure increase, this type of behaviour results in
the abrasion and deformation of the geotextile, which cause
the interface region to grow.
• The cohesion value is a direct consequence of the sample size
effect. Different equipment size does not cause any direct
difference in the interface behaviour of reinforced sands.
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